
Fixed-Length Packets versus Variable-Length Packetsin Fast Packet Switching NetworksAndrew Shaw3 March 1994AbstractFast Packet Switching (FPS) networks are designed to carry many kinds of tra�c, including voice,video, and data. In this paper, we evaluate one design parameter of FPS networks: whether the packetsshould be �xed-length or variable-length. We consider three measures of performance: user frame lossrates, average latency, and e�ective bandwidth.1 IntroductionThis paper examines the technical merits of �xed-sized packets versus variable-sized packets for FastPacket Switching (FPS) networks.In order to understand the demands required of FPS networks, we give a short introduction tohistorical and technical issues which motivated the consensus about FPS as the appropriate architecturefor an Integrated Services Network. Those who are familiar with Fast Packing Switching networks maychoose to skip directly to the next section.1.1 Convergence: Broadband Integrated Services Digital NetworkToday, there are many di�erent telecommunications networks which are operating to give many di�erentkinds of service. Among these networks are the following [2] [9]:� The telephone system { most of the tra�c is point-to-point, and consists of voice, although tele-conferencing, fax, and computer modem tra�c is also increasing rapidly.� TV { television is transported primarily by local-area broadcast, cable (Community Access TV),or satellite.� Telex network { the Telex network transports character messages at a very slow rate (up to 300bit/s).� Local Area Networks (LANs) { computer systems within a single domain (i.e. company or school)are generally connected with relatively low bandwidth networks such as Ethernet, token bus, ortoken ring.� Wide Area Networks (WANs) { computer systems which are geographically distributed are gen-erally connected by a packet switched data networks. The most wide-reaching of these networksis the Internet. 1
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It is interesting to note the demise of Telex network as a result of the general availability of faxmachines. Although the original intent of these two networks was quite di�erent, because of the greateravailability of the telephone system and the greater 
exibility of the fax (in transmitting images as wellas text), the telephone system has absorbed the functionality of the Telex.Although the demands of the various applications currently implemented on di�erent networks maybe quite di�erent, there are many advantages to integrating the services into one network. One physicaladvantage is having one wire carry all the tra�c to each customer (instead of having separate wiresfor telephone, data, and cable); another advantage is the prospect of universal service, which createsnew opportunities for services which would be uneconomical or limited if implemented on a sparselydistributed network (which was one of the main reasons for the demise of the Telex).These advantages led to the development of the Integrated Services Digital Network (ISDN) standard,which would provide the single wire, as well as the universal service. Unfortunately, as is described in[17] by Turner, the architecture for the ISDN network was essentially two completely di�erent networks{ one for voice, one for data { which would only be physically packaged in the same box and wire.In the same paper [17], Turner sketches out an architecture for a uni�ed network which could handleboth kinds of tra�c, and which was the basis for the standards being considered today for Fast PacketSwitching.1.2 Packet Switching vs. Circuit SwitchingBecause the demands for voice and data tra�c are so di�erent, the architectures for voice networks(i.e. the phone system) and data tra�c (i.e. LANs and WANs) were originally quite di�erent. Forvoice tra�c, the delay of transmission is quite important: people will be annoyed if there is too muchof a delay in a voice connection. For data tra�c, delay is less important, but the utilization of theavailable network bandwidth is more di�cult to attain, because relative to voice, data tra�c tendsmore \bursty" { the rate of information being sent varies very much over time.Voice tra�c has been traditionally sent on circuit switched networks, whereas data tra�c has beentraditionally sent on packet switched networks. The di�erence between circuit switched and packetswitched networks is in their allocation policy of the bandwidth of the connection in the network. Incircuit switched networks, a �xed fraction of the network is allocated to each connection, and thatfraction belongs to the users throughout the duration of the connection. In packet switched networks,the amount of the bandwidth allocated to the connection varies depending upon the tra�c patternof the connection: the connection receives more bandwidth when it is actually sending data and lesswhen it is not. In general, packet switched networks are better for tra�c which is more bursty becausethey utilize the bandwidth in the network more e�ciently, and circuit switched networks are better fortra�c which is more time-critical (such as real-time voice or video) because circuit switched networksguarantee the full bandwidth required for the entire connection.Because of the di�erence in the tra�c patterns of voice and data, ISDN was originally proposed astwo networks, one of which was circuit switched for voice, and one of which was packet switched fordata. In [17], Turner describes a network architecture called Fast Packet Switching (FPS) which iscompletely packet switched, but which can e�ectively carry voice tra�c as well as data tra�c. Thereare several reasons why voice and data should be carried on a single FPS network:� Shared resources allows systems to amortize costs over a wider customer base, and smooth demand.� Voice bandwidth requirements can be reduced by a combination of compression and multiplexingof voice streams { i.e. voice is also somewhat bursty, and can take advantage of the e�ciencies ofpacket switching. 2
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� FPS allows the easy incorporation of new applications which can use voice, video and data con-nectivity at the same time.� FPS is more 
exibile in bridging networks of di�erent speeds, and consequently, allows upgradingof parts of the network while maintaining availability.In the next section, we describe brie
y the design principles behind Fast Packet Switching.1.3 Fast Packet SwitchingIn order for packet switching to meet the performance requirements required to replace and supersedethe circuit switched networks for voice, Turner proposed several design principles for FPS:1. Move most of the responsibility for error detection, error correction and 
ow control from the linklevel up to higher level protocols which operate on an end-to-end basis.2. To meet latency requirements, drop packets when queues in switches over
ow { however, engineerthe switches so that such packet losses occur extremely rarely. This technique is called statisticalmultiplexing.3. To support statistical multiplexing, have most communication be connection-based, so that thenetwork only allows connections when it believes it has the resources to handle the connectionswithout dropping too many packets because of queue over
ow.4. Do not tie the standard for FPS to a particular performance level.5. Expend equivalent engineering e�ort and expense { although it is clear today that packet switchednetworks are capable of high-performance, at the time of the formulation of the principles of FPS,packet switched networks (generally used to network computers) had much lower performancethan circuit switched networks (used for the phone system).1.4 Asynchronous Transfer Mode vs. Packet Transfer ModeTurner's proposal for an Integrated Services Packet Network based upon FPS has evolved into severalcompeting proposals for Integrated Networks. In this paper, we divide these proposals into two groups,which we loosely call Asynchronous Transfer Mode (ATM) and Packet Transfer Mode (PTM). ATM isa standard which has been developed by CCITT, and which has become the dominant manifestationof FPS [9] [16]. \PTM" can be used to describe a few network designs, such as IBM's plaNET, as wellas the Frame Relay standard for data networks, which has also been standardized by CCITT [6].The primary di�erence between ATM and PTM is that ATM packets are �xed-sized and small, andPTM packets are variable-sized and may be fairly large. There are other di�erences between the two,such as the routing methods, which we will not explore in this paper. In this paper, we will comparethe e�ectiveness of �xed-sized packets versus variable-sized packets in FPS networks.2 Comparison of ATM and PTMATM packets are �xed-sized packets with data �elds of 48 bytes. Five bytes are used for header, so thelength of the whole packet is 53 bytes. For the remainder of this paper, we will call ATM \packets"cells. 3
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PTM packets are variable-sized packets, and in this paper, we consider packets with maximum data�eld of 4096 bytes { most designs for PTM networks have maximum data �elds of 2048 to 8192 bytes,and we chose 4096 as a compromise. As in [6] and [12], we assume PTM packets with header lengthsof 12 bytes.Neither ATM nor PTM packets directly implement user-level data packets (such as IP packets) whichwe will call frames. In general, frames much be segmented at the source into either cells or packets,and then reassembled at the destination, and this work is performed in a higher level protocol. SinceATM cells are much smaller than the maximum PTM packets, in general, frames must be segmentedinto many more ATM cells than PTM packets.2.1 Format E�ciencyThe di�erent formats of ATM and PTM have an e�ect on the amount of overhead which is incurred.There are �ve principal sources of overhead:1. User data must be split into chunks in both the ATM and PTM formats, but since PTM packetscan be 4096 bytes long, there is less overhead incurred by headers for the PTM format, since therewill be less headers for PTM than for ATM for the same user frame.2. Because ATM is a �xed-length format, user level frames may not be an integral multiple of thelength of the data �eld for ATM. In that case, the rest of the data in the last ATM cell does notcontain any useful information, but must be transmitted anyway.3. Since PTM is a variable-length packet format, extra information must be inserted into the packetto distinguish the data within the packet from the marker for the end of the packet. This overheadis called \bit-stu�ng", and according to [12], this is a 3.2% overhead for the data portion of thePTM packet.4. There are standard protocols (ATM Adaptation Layers) for using ATM cells to transmit variablelength user frames, and these protocols consumes four bytes of the data �eld for additional protocolinformation. This e�ectively increases the header length to 9 bytes, and decreases the data lengthto 44 bytes. Note that this overhead is not present for applications which do not require variablelength user frames, such as voice.Figure 1 shows a graph comparing the e�ciency of ATM cells versus PTM packets as a function ofthe length of the frame being sent. The e�ciency of ATM cells (EATM) as a function of the length Xof the user frame can be represented by the formula:EATM(X) = XdX44e(44 + 9)The e�ciency of PTM packets (EPTM) as a function of the length X of the user frame the can berepresented by the formula: EPTM(X) = X12 � d X4096e+ 1:032 �XThe \jagged" shape of the ATM curve is a result of the wasted information in the last ATM packetrepresenting a frame { if the frame length is an integral multiple of the length of the ATM data �eld,4
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Figure 1: Format e�ciency of variable-sized packets versus �xed-sized packets as a function of framelength. This graph is a modi�cation of one from Asynchronous Transfer Mode, Solution for BroadbandISDN 1993, De Pryckerthen the e�ciency is at a maximum for ATM, but if the frame is just one byte more, then anotherATM cell must be sent, which causes a large drop in the e�ciency.The maximum achievable format e�ciency for ATM (including the AAL overhead) is about 83%,and the maximum achievable format e�ciency for PTM is about 96%.If the probability density function for the length of a user frame is represented by the functionPFL(X), then the overall format e�ciency is the following:format e�ciency = 1Xl=0 PFL(l)E(l)This equation shows that the overall format e�ciency does depend upon P (X), the distribution ofthe frame lengths. However, in general, PTM has a better format e�ciency than ATM.2.2 Maximum Packet/Cell Data SizeIt is often stated that the short cell length of ATM is ine�cient for data applications, with the im-plication that larger cell lengths would have a better format e�ciency for those applications. This is5
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somewhat misleading { because ATM has a �xed-length cell format, there are two main contributionsto the overhead: the header to data ratio, and the data to frame length. The header to data ratio isrepresented in �gure 1 by the line showing the maximum e�ciency for ATM, and the data to framelength ratio is represented by the di�erence between the maximum ATM e�ciency and the actual ATMe�ciency.As frame lengths become large, the second ratio becomes less important, but many data applicationssend a signi�cant number of small frames { this is discussed later in this paper. Larger cell sizes meanthat the ATM e�ciency curve becomes even more jagged, and especially in the case of small frames(less than 64 bytes), this can have a severe impact on e�ciency.2.2.1 Voice Packetization and ATM cell lengthsATM cells are short because of the desire to e�ciently carry voice tra�c. Voice packets are generallyof uniform length and are short { the reason for this is because of the delay for collecting the voicesamples. Voice is usually sampled with 8 bit samples at 8 KHz. 48 voice samples can �t into oneATM cell, and that takes 6 milliseconds to create. If the ATM cell were longer, then �lling up theentire cell would require more time. If there is a long delay between the utterance and the receptionof the utterance, the quality of the conversation is degraded considerably, and often, echo suppressionhardware must be deployed.When using ATM, every voice frame is 48 bytes long, and since voice does not require the additional4 bytes of higher protocol information, a voice packet will achieve the highest possible data formatutilization for ATM. Currently, the telephone companies carry more tra�c and make more money thanall of the other potential users put together { although it is possible that larger frames might only bepartially �lled in for voice, they would probably not be happy with this compromise to their formate�ciency.2.3 Packet/Cell LossIn FPS networks, these are three sources of packet or cell loss [18]:� losses due to the transmission errors. Bertsekas notes in [2] that losses due to transmission errorsare not a �rst order e�ect for most networks implemented with modern technology, especially optic�ber networks.1� losses due to queue over
ow. These losses can be controlled by selecting an appropriate lengthqueue { longer queues will reduce losses.� losses due to excessive delay. These losses can be controlled by controlling the queue length, andonly are relevant in the case of real-time applications such as voice or video. Shorter queue lengthswill reduce these losses. We do not examine this source of losses in this paper.Packet/cell loss rate should be viewed from the viewpoint of the application using the network.Certain applications have a high tolerance for packet loss, such as real-time voice or video. If a packetor cell is lost, that will cause a momentary drop in the quality of the service, but there are simplemechanisms to handle such loss gracefully.1\For most links in use (with the notable exception of radio links), the probability of [transmission] error on reasonable-sized frames is on the order of 10�4 or less, so that this e�ect is typically less important : : :unfortunately, there are manyanalyses of optimal maximum frame length in the literature that focus only on this e�ect. Thus, these analyses arerelevant only in those special cases where error probabilities are very high." Data Networks, p976
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+ + + + + + + +Figure 2: Contributions to Frame LatencyFor data applications, where the data must be received without any errors, the relevant measure ofinterest is the user-level frame loss rate. This frame loss rate has di�erent characteristics dependingupon whether the network is ATM or PTM. The loss of a single packet/cell of a frame in transit usuallymeans the loss of the entire frame [3].In [6], Cidon et al describe what they call an \avalanche" e�ect, which refers to the loss of an entireuser frame by the loss of a single ATM cell. Since ATM cells in a queue are less correlated to the sameuser-level frame in comparison to PTM packets, the loss of several consecutive ATM cells will morelikely mean the loss of several di�erent frames in comparison to an equivalent data loss rate of PTMpackets.2.4 Utilization of Available BandwidthThe utilization of the output bandwidth of the switches is one of the primary performance measureswhich we consider in comparing PTM with ATM. ATM has a big disadvantage compared to PTMbecause ATM must transmit almost 20% more bits to send the same amount of user data as PTM.However, ATM has an advantage over PTM because the bu�er utilization is smoothed out due to thesegmentation and multiplexing of ATM cells. ATM's smaller cells require less queue memory, andtherefore reduce the cell loss rate. As is argued in [12], in some cases ATM can overcome its formatine�ciency by using less queue memory, and therefore perform at a higher e�ective bandwidth for anequal frame loss rate.2.5 LatencyFigure 2 shows the contributions to the total latency of communications as seen by the user. Theprimary components of latency are the packetization and depacketization, the transmission delay, theswitching delay, and the queueing delay. In general, the packetization and depacketization delay aredependent upon the application { in the case of voice, this delay can be a signi�cant contribution tothe total delay. In the case of data applications, this delay is not very signi�cant because there are noreal-time constraints which slow down the packetization.7
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The transmission delay is dependent upon bandwidth, geography and the speed of light, and thelast two are largely beyond the scope of the engineer designing the system. The actual switching delaywithin the switches is not very high, since these switches can run at high speeds, but the queueingdelays seen by packets can add a signi�cant amount to the total latency of the packet.The only leverage point in reducing the latency experienced by the user is in trying to reduce the timespent in the queue. Packetization/depacketization and transmission are largely �xed, and the switchingdelays are minimal { latency is controlled by controlling the number and bandwidth of connections andby adjusting the queue length.2.5.1 Multiplexing and Pipeline E�ectsGiven the same bandwidth utilization, smaller packets will incur less latency than larger packets andidentically sized packets will incur less latency than varying sized packets [18] [2].There are two factors which argue for smaller packets. First, small packets allow the pipelining offrames through switches, which reduces the queue memory requirements and latency. PTM cells needto be fully received before being forwarded across the switch (store and forward).The second factor is that ATM cells can be more easily multiplexed { however, since ATM cells aregenerated from user frames, the distribution of ATM cell generation will show some correlation, or\batchiness. The degree of batchiness is dependent upon how much the inputs are multiplexed, whichdepends upon what the ratio of the bandwidth of the switch inputs and the aggregate bandwidth ofthe switch outputs. If the inputs are much slower than the total output, then the tra�c arrival willlook more like a Poisson process, and therefore have lower latency. If the inputs are of similar speedas the output, then packets will arrive at the switch in about the same way that PTM packets will.For PTM, multiplexing e�ects are not important if the average frame size is less than the maximumsize of the PTM network. In general, PTM switches cannot (and do not) pipeline the variable sizedpackets (such as wormhole routing in some networks for parallel computers), because of the need forerror-checking and the di�culty of design. If the average frame size is less than the maximum datapayload of the PTM network, then the tra�c pattern does not change because of multiplexing. In thecases we consider, multiplexing does not e�ect PTM.2.5.2 Measures of LatencyQueue latency is often expressed in terms of average memory requirements, and can be translatedto time units by dividing by the output bandwidth of the switch. Latency is related to packet lossprobability because longer latencies imply more queue memory requirements, which implies higherprobability of queue over
ow and packet loss.2.6 Tra�c PatternsIt is di�cult to make engineering decisions for the design of a network when it is uncertain what kindof tra�c it is being built for. Indeed, FPS networks must be built to handle any kind of tra�c becausethe applications which are dominant today may not be the applications which will be popular once theinfrastructure is in place.We have already discussed the in
uence of the telephone companies { since the vast majority of theircurrent tra�c is voice, they envision some sort of similar tra�c patterns in the future, and they haveused their in
uence to choose the current cell size for ATM.8
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Some work has examined the characteristics of data tra�c for computer networks, both Wide Areaand Local Area. C�aceres [4] [5] has found that TCP frame lengths are bimodal, with one peak at under10 bytes, and one peak at around at around 512 and 536 bytes. Amer, et al [1] �nd similar a similarbimodal distribution, with one peak for frames less than 64 bytes and another peak for frames between800 and 1200 bytes. Schmidt and Campbell [15] �nd one peak at under 64 bytes and another peak ataround 500 bytes. Gusella [11] �nds the same peak at under 64 bytes, and another peak at 1072 and1500 bytes.The empirical computer network studies for the most part show that most of the frames are eitherused for control, which are very small, or else very large data frames corresponding to the largest framesize in the protocol being considered.Of course, those studies can only describe the type of tra�c which exists today { future applicationsmay have very di�erent characteristics. Some work has postulated that most of the bandwidth will betaken up by video applications [8] and other \multi-media" applications which will mostly consist ofvery large frames. In reality, no one knows what the tra�c patterns will look like.2.7 Interaction with Higher-Level ProtocolsFPS networks will be used to transport data using existing protocols and interfacing to existing, non-FPS networks. [10] argues that PTM more closely maps to the current protocols (TCP/IP) thanATM, because of its those protocols also have variable-sized frames. Caceres [5] and Schmidt [15] bothexamine the interaction of the ATM standard with TCP/IP, and to an extent, both conclude thatATM does not map e�ciently onto the higher level protocol, because of cell size decisions.Other work [7] argues that new network architectures such as ATM require new network protocolsto use them e�ciently. TCP/IP was designed at a time when network capabilities and architectureswere quite di�erent than today, and such an argument may have merit. However, because of inertia,and because of the large installed user-base, such a conversion to newer protocols would be unlikely inthe near term.2.7.1 Segmentation and Reassembly CostsBecause of ATM's shorter maximum packet length, it will be more expensive to segment the protocoldata unit level frames before injecting them into the ATM network, and then re-assembling them onthe destination side. Cidon, Gopal, et al [10] argue that such costs would require extra computer powerto handle the segmentation and reassembly costs. In our opinion, this work can be and will be handledby special-purpose hardware at the interface-level { note that not all applications will require suchhardware, and therefore, such hardware cost should be shouldered by those applications which requirethem. For instance, telephone service does not require segmentation and reassembly, so telephonesshould not require special hardware, whereas computers will, and their interfaces to the network willprovide such hardware.2.8 Simplicity of ImplementationPerhaps one of the most important arguments for ATM is that its �xed-size cell format allows for amuch simpler implementation. Variable-sized packets may require some sort of memory managementfor queues, and the variable-sized packets do not lend themselves to rapid dispatching. Fixed-sizedcells make pipelining much simpler; however, the small size of the ATM cells requires rapid processingof headers for each cell. 9
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Like the argument for RISC architectures, it is di�cult to quantify the engineering e�ort di�erences.By considering the RISC experience however, it is clear that simpler designs allow higher clock speeds,require less logic, and take less design time, which accelerates the rate of innovation. We have alreadynoted that switching time is not a signi�cant contributor to total latency, but the 
exibility a�ordedby ATM will allow larger and fancier switches to be built.We will not attempt to quantify the bene�ts in regards to simplicity of implementation in this paper,but we believe it is an important factor.2.9 Too Many Issues!!There are many issues which must we must consider. In the next section, we give a system-leveloverview of some of the issues we discussed in this section, and describe a simple way to think aboutthe relationship between these issues and characterize the arguments (pro and con) for ATM and PTM.3 System Level Overview3.1 Dependency diagramFigure 3 shows a dependency diagram illustrating the dependencies between the variables and con-stants used in evaluating the performance of ATM networks. The arcs show a dependency, and the\+" and \�" signs on the arcs describe whether there is a positive or negative relation between thetwo variables. A \+" indicates that if the source variable increases, the destination variable increases,and if the source variable decreases, the destination variable decreases. A \�" indicates that if thesource variable increases, the destination variable decreases, and if the source varaibel decreases, thedestination variable increases.The meaning of \decrease" and \increase" depends upon the variable { for instance, increasingaverage cell latency is bad, but increasing user e�ective bandwidth is good. All of the relationshipsbetween variables connected by an arc are monotonic { either monotonically increasing or monotonicallydecreasing. However, this diagram does not describe the speci�c relationship between the variables,and in almost all cases, these relationship are highly non-linear.Some simpli�cations are made to make it easier to think about the relationships. The following arethe de�nitions of the variables.cell header The length of the cell header. This is 9 bytes for ATM, and is a constant.cell payload The length of the cell data. This is 44 bytes for ATM, and is a constant.cell length The length of the cell, which is 53 bytes for ATM, and this is a constant.mean frame length The mean frame length. We ignore the shape of the frame length distributionto make the model simpler to think about. We do not know what the mean frame length ofrepresentative tra�c of the future is, so this is a variable.mean frame interarrival time The mean time between arrivals of user-level frames { again, weignore the shape of the distribution to make the model simpler. This is a variable.format e�ciency The percentage of the total information transmitted which is what the user actuallycares about. This was discussed in the previous section, and ATM has a lower format e�ciencythan PTM. 10
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_ + + +Figure 3: System level overview of dependencies between engineering decisions and performanceinput multiplexing ratio This is the ratio of the input bandwidths to the aggregate output band-width. For example, a switch may have an aggregate output bandwidth of 100 Mbits/s, but befed by 100 inputs which are each 1 Mbit/s { in this case, the multiplexing ratio is 100.switch queue length The length of the queue in the switch { this is an engineering decision, so this isa variable, and this will e�ect the switch bandwidth utilization, the cell loss ratio and the averagecell latency, a is shown in the diagram.switch bandwidth utilization This is the utilization rate of the switch output, which is usuallycalled � in queueing theory. this is dependent upon the mean frame length and the mean frameinterarrival time. However, an ine�cient format will, in e�ect, increase the the mean frame lengthor decrease the frame interarrival time. Longer queue lengths will also mean less cell loss, whichmaintains switch bandwidth utilization, so the switch bandwidth utilization is also a function ofthese two factors.average cell latency The average latency seen by a cell { according to queueing theory, this increasesas the bandwidth utilization increases, and as the cell length increases. Also, shorter queue lengthwill decrease the latency by dropping more packets, and a higher input multiplexing ratio willdecrease the average latency by smoothing out tra�c demands.cell loss ratio This is the percentage of cells which are lost, and is a variable of the average latency11
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and average queue length. Longer queues mean less cells are lost, and longer latencies mean morecells are lost.frame loss ratio This is the percentage of user frames which are lost { this is the variable which theuser is really concerned about, and it is a function of the input multiplexing ratio and averagecell latency. A higher input multiplexing ratio will increase the frame loss ratio because successivecells in the queue will become less correlated with regard to their original user-level frames, andmore frames will be lost to the \avalanche" e�ect described in [10]. A higher cell loss ratio willalso increase the frame loss ratio.switch total bandwidth This is a constant which describes the total output bandwidth.user e�ective bandwidth This is the bandwidth which is available to the users of the system. Thisis dependent upon the actual switch bandwidth utilization and the e�ciency of the cell format, aswell as the frame loss ratio. A higher frame loss ratio will decrease the e�ective useable bandwidth,and a higher format e�ciency will increase the user e�ective bandwidth.3.2 How to think about ATM versus PTM argumentsUsing this diagram, we can evaluate some of the arguments which are given in the debate betweenATM and PTM. For example, Cidon et al argue that the ATM cell latencies are actually not lowerthan PTM cell latencies, and they give two reasons. One of which is that the input multiplexing ratio isactually rather low, and successive cells will likely be correlated and arrive in bursts, leading to tra�cpatterns similar to PTM. i.e. ATM will have the same arrival characteristics as PTM, except for theadded overhead of the cell format. The second reason they give is that format e�ciency for ATM islow (which we saw in the last section) and that switch bandwidth utilization is therefore high, thereforeincreasing average cell latency. We will see some evidence of the second reason in our simulation studyin the next section.Cidon et al then argue that frame loss ratio is high in ATM because the input multiplexing ratio ishigh, which mixes up cells representing di�erent user frames, and therefore leads to higher frame lossdue to what they call the \avalanche e�ect" { one lost cell can lose the entire frame, and cells are nothighly correlated. This argument is represented by the one arc between input multiplexing ratio andframe loss ratio, and it somewhat contradicts their assertion that successive cells will be correlatedin ATM and therefore lead to high latencies. Furthermore, they do not note the path between inputmultiplexing ratio, average cell latency, cell loss ratio and frame loss ratio. This is described by LeBoudec in [12], where he notes that the increase in frame loss due to the \avalanche e�ect" is sometimesmade up by a decrease in the average cell latency, causing a decrease in the cell loss ratio, causing adecrease in the frame loss ratio. Again, we will see some evidence of the e�ect described by Le Boudecin the simulation studies at very high input multiplexing ratios.We do not draw a similar diagram to represent PTM, because most of the diagram will be the same,there will be no cell length variable { there will simply be an arc between the mean frame length andthe average cell latency. There will also be no input multiplexing ratio variable. The format e�ciencywill be higher than for ATM.3.3 Performance variables are function of engineering decisionsThe three variables which the user is concerned about are at the bottom of the system-level overviewdiagram (Figure 3), and they are the user e�ective bandwidth, the frame loss ratio and the averagecell latency. The second and the third performance measure have upper bounds, but performance12
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simulator
queueFigure 4: Overview of Network Simulatorwhich exceeds the upper bounds does not necessarily signi�cantly a�ect the end user, for most currentapplications. The �rst performance �gure is important to the operators of the network, because it refersthe the number and bandwidth of the connections which can be made in the network. The higher thetotal bandwidth, the more money they can make, and in an indirect way, this is a �gure of interest tothe end user because it may a�ect his ability to make a connection.Some of the variables are actually constants, such as the cell length and switch total bandwidth,and we do not discuss the possibility of changing these constants { that is not the purpose of thisstudy. Some of the variables are beyond the scope of the engineer, but uncertain, such as the meanframe length and mean frame interarrival time. Some variables are the ones the engineer must adjustto maximize performance (by meeting a latency requirement and a frame loss ratio requirement).In the next section, we describe a simulator we use to explore the space of the variables which wecan alter, and their e�ect on the variables which are the performance measures we will be concernedwith.4 Simulation ResultsTo evaluate the e�ect of the variable factors described in the previous section on the performancemeasures of interest, we have built a simple FPS network switch simulator. Analytical models areinteresting and useful, but are often quite cumbersome to develop and limited in their applicability.For instance, Le Boudec [12] uses two di�erent analytical models to describe ATM behavior, dependingupon the length of the queue bu�er, and both models were inadequate to describe even longer queues.Cidon et al [10] use an ATM latency model described by Parekh and Sohraby [14] to argue for PTM,but Parekh and Sohraby use simulations to present their results. Naghshineh and Guerin [13] usesimulation to analyze queue bu�er usage and error rates as a function of utilization and multiplexing,which is similar to our goals.The results from our simulations are not surprising, and in fact agree qualitative with the analyticaland simulation results of the previous authors described. Some of the actual graphs may appear slightlydi�erent because of di�erent assumptions about the format overheads and multiplexing ratios. It mayappear odd that two authors who come to opposite conclusions (Cidon and Le Boudec) as well as twoauthors who conclude that performance cannot be a motivating factor to decide on PTM versus ATM(Parekh and Naghshineh) all agree. In fact, they do, and some of the di�erences are the result ofdi�erent initial assumptions, and some of the di�erences are the result of seeing the glass half emptyor half full.4.1 Simulator Overview 13
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Figure 4 shows a high-level overview of the components of the switch simulator. There are threebasic stages in the simulator: the raw trace generator, the PTM or ATM trace generator, and thequeue simulation. Each of these parts can be easily modi�ed to change the model if necessary, and theoutput of the raw trace generator can also be fed directly into the queue simulation.4.1.1 Raw Trace GeneratorThe raw trace generator creates a stream of user-level frames, each of which is represented by atime-stamp and a frame-length. The generator itself can create the trace in a number of ways, butfor this study we generated traces with Poisson process arrival times and frame lengths which wereexponentially distributed.The Poisson arrival time assumption allows us to consider the one trace an interleaving of severalslower sources with the same frame size distribution. In that way, we do not have to deal with separatetraces for separate sources.The aggregate user utilization of a trace is simply the quotient of the mean frame length by the meaninterarrival time divided by the aggregate output bandwidth.4.1.2 ATM and PTM Trace GeneratorATM and PTM traces can be generated from raw traces, and they have the same data representationas raw traces, except that each packet or cell in the trace will be tagged with an identi�er describingthe original frame which it represents. The segmentation of the original frame into ATM and PTMpackets is performed with the format overhead assumptions described earlier in the paper. Each ATMcell will require 9 bytes of header and can only carry 44 bytes of data payload. Each PTM packet hasa 12 byte header, and the length of the user frame is expanded by 2.3% to account for stu�ng { weassume a maximum PTM packet payload of 4096 bytes.The interarrival times of the cells or packets corresponding to the same user-level frame are deter-mined by a \multiplexing" factor. The higher the multiplexing factor, the longer the interarrival timeof the cells corresponding to the same frame. The multiplexing factor can be considered the ratiobetween the aggregate output bandwidth of the switch and the bandwidth of a single input.The output utilization characteristics of ATM and PTM traces generated from the same raw tracewill be di�erent because ATM has a higher format overhead than PTM. The ATM trace will have autilization rate which is about 20% higher than the corresponding PTM trace. In all of the simulationswe run, we will always describe the ATM and PTM traces according the the utilization of the originaluser trace.4.1.3 Single Server Queue SimulatorThe queue simulator itself is a single server model. The simulation itself is performed using time-warping on the trace packets and each packet is assumed to take up as much queue space as the lengthof the packet for a duration which is proportional to the length of the packet plus the time it takesfor any packets already in the queue to leave. If this is combined with a raw trace which is Poisson-distributed along the arrival times, and exponentially distributed for the frame lengths, then this willsimulate an M/M/1 queue.The simulator does not simulate output contention in detail, because all of the packets passingthrough the switch are aggregated into the same queue. Although this is a very crude model, it is inessence identical to the assumptions made in the studies comparing �xed-length and variable-lengthpacket formats [10] [12] [14] [13]. 14
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Figure 5: Comparison of simulator and queueing theory results for an M/M/1 queueing system and anM/D/1 queueing system4.1.4 Simulator TestTo test out the accuracy of the simulator, we have simulated two well-known queueing systems andcompared them against the theoretical behavior. The M/M/1 queueing system models Poisson arrivalsand exponentially distributed frame lengths. The M/D/1 queueing system models Poisson arrivals and�xed frame lengths.We set a mean frame length of 700 bytes for both the M/M/1 and M/D/1 systems, and the resultsare shown in Figure 5. The simulated results conform quite well to the expected theoretical results, andfurthermore, this graph demonstrates the advantage of �xed-sized packets over variable-sized packets,even when the mean packet lengths are the same. In the following sections, we describe some of theexperiments we ran on the simulator and the implications of the results.4.2 Average Latency versus User UtilizationFigure 6 shows the queue latency as a function of the user utilization for both ATM and PTM. Thisis a similar graph to the previous graph. The mean user frame length is 700 bytes, and the lengths areexponentially distributed.The PTM curve looks similar to the latency versus user utilization curve shown in the test case forthe M/M/1 case. That is because PTM is almost the same as a simulation of the raw M/M/1 queue{ there is some small additional overhead for the bit-stu�ng and the header, but it looks very similarto the M/M/1 case.The ATM curves all seem to have an asymptote at around 80% user utilization. The reason forthis is very easy to explain { a 80% user utilization is almost a 100% ATM utilization because of theadditional overheads for the ATM headers, and as can be seen in the M/D/1 graph, the latency curve15
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Figure 6: Latency as a function of the User Utilization. Note that the ATM curves all have asymptoticbehavior when the User Utilization Ratio reaches around 83% { this is because the actual utilizationratio being experienced is near 100% because of the additional overhead in the ATM formatincreases exponentially as the utilization goes beyond 80% utilization. 80% utilization for ATM isapproximately 66% user utilization { this is clearly seen in �gure 6.Note that as the multiplexing rate increases, the ATM latency curve decreases { this is the smoothinge�ect described earlier. When the multiplexing rate is not high, the ATM cell arrive in bunches, whichmakes the behavior more like M/M/1 with mean packet size equal to the user's mean frame size plusthe header overheads; when the multiplexing rate is high, the ATM cell appear less correlated, and thebehavior is more like M/D/1 with mean packet size being 53 bytes, the size of the ATM cell.Figure 6 indicates that ATM is is better than PTM at low utilization ratios and high multiplexingratios, but at higher utilization and lower multiplexing ratios, PTM is better.4.3 Probability of Over
ow versus Queue LengthFigure 7 shows the e�ect of user utilization on the queue over
ow probability as a function of thequeue length. Again, the mean frame size is 700 bytes, and for these two graphs, the multiplexing rateis 4. Most of the over
ow curves eventually level out at a certain queue length, which indicates it isunlikely at that length that a queue will over
ow, given a particular load.At low user loads, ATM has an an advantage over PTM, even though it has considerably moreoverhead { the multiplexing smooths out the demand on the bu�er. At a user utilization level of about0.7, the ATM and PTM curves appear to level out at about the same place. This is the place wherethe ATM curve begins to increase exponentially, and for the highest user utilization level, ATM has amuch higher queue over
ow probability than PTM.4.4 Probability of Over
ow versus Multiplexing16
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Figure 7: Probability of over
ow as a function of queue size. Note that ATM uses much less bu�erwhen the load is low, but uses much more bu�er when the load becomes high.Figure 8 shows the e�ect of multiplexing on the over
ow probability for ATM networks only; multi-plexing does not have an e�ect on PTM networks for the frame length distribution we are considering.The user utilization rate is .5, which is not in the exponential region for ATM, and the dashed lineindicates the over
ow rate for an idealized user load, without format overhead or segmentation.Note that with low multiplexing, ATM actually has a higher over
ow rate than the idealized userload { this is because only the bad e�ects of the header overhead are felt, whereas the bene�cial e�ectsof the segmentation to small cells are not seen until the multiplexing rate is reasonably high. As themultiplexing rate increases, the over
ow rate decreases. For moderate rates of multiplexing (5X), wesee that a bu�er size of between 10,000 and 15,000 bytes are necessary to maintain cell losses of lessthan 10�5. For higher rates of multiplexing, we can use much smaller queues to maintain the same lossratio.4.5 Frame Loss versus Multiplexing and User UtilizationBecause the loss of a single ATM cell will usually cause the loss of an entire user frame, Cidon et al[10] contend that ATM will cause catastrophic losses because cells are not correlated, and thus a queueover
ow will tend to cause the loss of many di�erent frames. This implies that they believe highermultiplexing rates will cause higher frame loss. Le Boudec [12] claims that the increased multiplexingrates will decrease queue usage, and thus will decrease cell loss faster than the increase in the avalanchee�ect.This graph shows that Le Boudec is correct: higher multiplexing rates improve frame loss ratesbecause the avalanche e�ect is not as strong as the the improvement in the bu�er usage caused bymultiplexing. 17
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Figure 8: Probability of over
ow as a function of queue length, varying multiplexing rate. If anATM switch is receiving its tra�c from highly multiplexed inputs, the multiplexing will have e�ect ofsmoothing out the load, and reducing the spikes in bu�er size caused by the entrance of large frames.If there is little multiplexing, then the ATM behavior is similar to PTM behavior, since cells will beclosely spaced together and look similar to PTM packet arrivals.4.6 Caveats and Future WorkOur simulation work makes several simplifying assumptions in order for the study to be tractable. Incomparison to analytical work, it is simple to try di�erent distributions for frame interarrival time andframe size as well as architectures. In addition, we have not considered the problem of congestion inrouting which would require postulating about speci�c switch architectures { such work would not beas generally applicable as the simple model we have implemented.The results are based on the assumptions we have made about header and data �eld sizes and otheroverheads. The qualitative nature of the results will still be relevant for small variations in theseparameters, but some of the curves may be shifted over.5 Proposed ExperimentUnfortunately, simulations and analysis are not enough to make conclusive statements { both simulationand analysis must make simplifying assumptions about network tra�c, architecture, topology, queueingpolicies, and technology in order to be merely feasible. A real study would compare the performanceof ATM and PTM on real tra�c in a real environment on real hardware.The plaNET project at IBM is perhaps the most serious implementation of a PTM network whoseintended tra�c is the same as for ATM networks. In [10], some of the designers of plaNET describe someof the recent modi�cations to plaNET which allow it to support ATM style tra�c without overheadin terms of the packet format. The internal format of ATM-style packets in plaNET is not identicalto ATM, but it is merely a rearrangements of the various �elds of ATM. Routing for these packets is18
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Figure 9: Probability of User Frame loss as a function of the User Utilization. The ATM curves showthe bene�cial e�ects of multiplexing in lowering the queue usage outweigh the bad e�ects of increased\avalanche" e�ect.performed in label swapping manner, just as in ATM, and plaNET clusters can act as bridges betweenATM networks.The plaNET network is the ideal environment to perform performance comparisons between ATMand PTM on real hardware with real tra�c in a real environment. It supports both ATM and PTM,and it has the same parameters in terms of technology, queue length, topology, and architecture.Naturally, plaNET was designed primarily with support of PTM in mind, and therefore, may havesome architectural decisions which may favor PTM { these factors should be taken into account insuch a comparison.6 ConclusionIn this paper, we have described the various arguments for ATM and PTM, and we have described asystem-level framework to clarify the reasoning behind the individual arguments for each. To get a feelfor the relationships between the possible variables which can a�ect the performance measurementsfor each, we built a simulator and performed experiments to show general characteristics of ATM andPTM switch behavior.Our results qualitatively agree with the results of in [10] [12] [13] [14]. At low user utilizations, ATMis superior to PTM, but at higher utilizations, ATM reaches the saturation region (when the latencyincreases exponentially as a function of the bandwidth utilization) more quickly than PTM because ofits higher format overheads. Such overheads will limit the bandwidth utilizations of ATM networks tobe about 60-70% of user utilization { ATM itself reaches the saturation region when it is using 80% ofthe output bandwidth, but the extra overhead of ATM decreases the user utilization to about 65%.The latencies and frame and cell loss rates in ATM networks are a function of the multiplexing ratioof the switch. Both the latencies and cell loss rates decrease signi�cantly when multiplexing rates are19
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high, causing ATM to be superior to PTM when both are not in the saturation region. In addition,the \avalanche" e�ect caused by the loss of a user frame with the loss of a single ATM cell is overcomeby the decrease in the cell loss rate when the multiplexing ratio increases.Each network has its advantages, depending upon the demands of the applications. In the case ofan applications such as voice which demand low latencies, and is characterized by a high multiplexingrate, ATM will be superior. In applications such as most computer data applications where latency isnot as critical, but bandwidth utilization is very important, PTM will allow a higher utilization of thebandwidth of the channel, but at a cost of higher latency even when the network is relatively lightlyloaded.References[1] Paul D. Amer, Ram N. Kumar, Ruey-bin Kao, Je�ery T. Phillips, and Lillian N. Cassel. LocalArea Broadcast Network Measurement: Tra�c Characterization. In Proceedings of Compcon '87,1987.[2] Dimitri Bertsekas and Robert Gallager. Data Networks. Prentice Hall, 2nd edition, 1992.[3] Andre B. Bondi and Wai-Sum Lai. The in
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